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Introduction

The present schemes for inertial-confinement-fusion
(ICF) target ignition require a high uniformity in the
intense laser beams that will strike the target directly
(direct drive) or the hohlraum wall (indirect drive).!

The large-aperture glass laser systems used in ICF appli-
cations produce beams with nonuniform intensity
speckle structures (“hot spots”) at their focus. With
intensities that are significantly above the spatial average
beam intensity, these hot spots can lead to substantial
power losses from stimulated Raman scattering (SRS)
and stimulated Brillouin scattering (SBS) in hohlraum
plasmas. To reduce these scattering losses, various beam-
smoothing techniques have been developed to create
more uniform beam intensity distributions.?!

As part of a plan for attaining ignition at the
National Ignition Facility (NIF), we used the Nova
laser system to systematically study the effectiveness
of the beam-smoothing techniques in reducing the
backscattered light. Previously, experiments examined
the effects of random phase plates (RPPs), kinoform
phase plates (KPPs),! and smoothing by spectral dis-
persion (SSD)* using a 3-GHz modulator.! Under vari-
ous laser and plasma conditions, these techniques all
showed certain advantages with respect to reducing
the backscattered light level.

Most recently, we studied the effect of polarization
smoothing (PS)®~ by itself and combined with smooth-
ing by spectral dispersion, using a high-frequency
(17-GHz) modulator. The higher frequency modulator
reduces the beam dispersion necessary for optimal
SSD, thereby allowing laser propagation through spa-
tial-filter pinholes and hohlraum entrance holes with-
out clipping.!? This article describes the predicted and
measured effects of polarization smoothing (with and
without smoothing by spectral dispersion) on the stim-
ulated Raman and Brillouin backscattering. Both the
experimental work and the modeling show that the
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combination of polarization smoothing with smoothing
by spectral dispersion gives the greatest reduction in
the backscattering levels for SRS and SBS.

Relevance to NIF

Target designs for the NIF currently consist of gas-
filled, 9-mm long, Au hohlraums that will be heated
with a 1.3-M]J (430-TW peak power) laser, at a 351-nm
wavelength.!3 The laser energy will be delivered to the
hohlraum by 192 beams in shaped pulses about 20 ns
long. The beams will be focused with /20 lenses
arranged in clusters of four, effectively producing an
f/ 8 beam. For symmetric capsule implosions, two rings
each of inner and outer beams will be used, which
reach the hohlraum wall at different distances from the
laser entrance holes (LEHs) and have different path
lengths in the hohlraum plasma.

Beam smoothing will be done by using spectral
dispersion with a kinoform phase plate. This phase
plate will produce a flat-top focal spot with a factor-
of-two intensity variation over the 3- to 5-mm-long
laser path in the hohlraum. The point design ignition
target13 is a 300-eV radiation temperature hohlraum,
which will contain a low-Z, fully ionized plasma
(initially a mix of He and H,) at about 10% of the
critical density. At the time of maximum laser power,
the peak laser intensity will be 2 x 1015 W/cm? at the
best focus of the f/8 cluster; other regions along the
beam path will have intensities ranging from 101°
to 2 x 1015 W/ cm?2. Over most of their path lengths,
the laser beams will interact with the low-Z plasma.
However, for the last 400 um, the interaction will be
with a high-Z, high-T, Au plasma ablated from the
hohlraum wall. The low-Z plasma between the
hohlraum wall and the laser entrance holes will have
an electron temperature T, ranging from 3- to 6-keV,
and an electron density 1, of from 0.07 n_to 0.12 n,
(n.=9x 10%!/ cm3 for 351-nm light).

C
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We have done calculations and experiments study-

ing the effects of smoothing by spectral dispersion and
polarization smoothing in various combinations—
with plasma conditions and at length scales that are
relevant to NIF. The two NIF plasma conditions that
are important to emulate are (1) a long-scale-length
(2-mm), low-Z plasma (with a high-gain exponent for
stimulated Brillouin and Raman scattering) that the
inner-beams encounter and (2) a shorter-scale-length,
outer-beam plasma, corresponding to the plasma
conditions near the Au wall4 (with a higher-gain
exponent for stimulated Brillouin scattering).
We modeled the low-Z, inner-beam case experimen-
tally with gasbag targets. The NIF’s outer-beam plasma
was modeled with a scale-1 hohlraum described in a
separate article.!®

Polarization Smoothing: Optical
Theory and Experimental
Implementation on Nova

Spatial smoothing using a random phase plate
works by eliminating the long coherence length in a
beam’s near field, thereby randomizing and reducing
the high-intensity, small-scale structure within the
focal spot. A similar kind of spatial smoothing uses a
kinoform phase plate, which produces a speckle distri-
bution of intensities in the far field—as does the ran-
dom phase plate—but which makes the average
intensity at focus spatially flat. Smoothing by spectral
dispersion causes the local speckle intensity (produced
by either type of phase plate) to vary in time at a given
spatial location. The laser light is first broadened in fre-
quency by Av using frequency modulation (FM) and
then it is dispersed with a grating. At any time, the
resulting speckle pattern is a superposition of interfer-
ing patterns from each wavelength, which decorrelate
and yield a new speckle pattern with a coherence time
of ~1/Av. Practical limitations in the available laser
bandwidth will typically limit the coherence time to a
few picoseconds. This is a short enough time to
possibly affect the filamentation instability. However,
since the scattering instabilities in ICF plasmas typi-
cally develop in less than a picosecond, it is also desir-
able to employ a technique that can smooth out
intensity non-uniformities instantaneously. Polarization
smoothing provides a way of doing just this.

In polarization smoothing, the near field of the inci-
dent laser light is divided into two orthogonal polar-
izations, each containing half of the beam’s incident
power. By passing these beams through a phase plate,
two uncorrelated speckle patterns are produced, with
each beam generating a distinct speckle pattern in the
focal plane. One technique used for polarization
smoothing is to alternately rotate the polarization by
90° in subapertures of the near-field beam.”8 The
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technique that we chose for Nova uses a birefringent
wedge to create orthogonally polarized beams in the
same subaperture of the near-field beam.® The wedge
creates a spatial offset in the speckle patterns corre-
sponding to the two polarizations. In either technique,
the speckle intensities in the two beams add incoher-
ently, thus reducing the maximum intensities arriving
at the focal plane. The essential advantage of polariza-
tion smoothing is that the light intensity is smoothed
instantaneously, whereas smoothing by spectral dis-
persion requires a smoothing time that is inversely
proportional to the laser bandwidth.

In polarization smoothing by a wedge, the primary
adjustable parameter is the size of the shift generated
between the orthogonal speckle patterns. Recent calcu-
lations have shown that supression of filamentation is
fully effective when PS is used with a minimum shift
of one to two speckle half-widths.? Since plasma fila-
mentation and stimulated scattering instabilities are
generally very sensitive to the transverse scale length
of the incident illumination, it is useful to consider the
spatial spectrum of the focal-spot intensity pattern
resulting from the polarization smoothing of simple
square-aperture beams. (Although the spectrum
changes slightly in going from square to circular aper-
tures, the qualitative features remain the same.)

The effect of the polarization-smoothing shift on the
intensity distribution in the focal plane is best under-
stood in terms of its effect on the spatial spectrum of
the speckle intensity. We begin by writing down the
spatial power spectral density of the speckle intensity
from a uniformly illuminated (but randomly phased)

square aperture as:16

~ 2
(f. 1))
—‘ = | = ATy Z T )ALy 7 froan) T2 +8(F £)) . (1)

In this expression, f,(k, /2m) and fy(ky/ 2m) are
spatial frequencies of the speckle in'the far field,
A(x)=1-x| for [X =<1, and 0 for |x|>1, f. =D/FA
(where F is the focal length of the lens and D is the
aperture width), i (fy, fy) is the Fourier transform of
the speckle intensity in the far field I(xgg, ygg), and
I = <|(XFF , y,:F) denotes the average speckle intensity.
The first term on the right of Eq. (1) corresponds to
the speckle noise and is referred to as the AC spatial-
power spectrum; the delta function is determined by
the average intensity level.

The spatial power spectrum of the far-field intensity
pattern for the two spatially offset speckle patterns,
created by the birefringent wedge, can now be quanti-
fied. Let the speckle pattern from a single polarization
be given by I (xpp, Ypp)- Assuming that the wedge
disperses the two polarizations by an angle A8 along the
x direction, its effect is to generate two such patterns
shifted along x by the distance Axpy = AOF . Because
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there is no interference between the orthogonal polar-
izations, the total intensity on the target can be written
as the incoherent sum

lotal Xer 2 YrE) = 11 (Xer s Yer) + 1 (Xer + AXpp, Yer)

= 10 Yer) #[30R) + 806 - AXep)] ()

where * denotes convoluﬁono[‘i(x) #P(X) =
The Fourier transform can now be taken, to obtain the
spatial power spectrum of the total intensity distribution

~ 2
IAC,totaI (fx ' fy )‘

~ 2 —
= = 4iy(fy. 1, cos(maxgr * f,)/ 417
total
= A(f)A(f,) cos? (mAXep @ f, )/ f2a, (3)

max

where the single polarization result of Eq. (1) has
been used.

We have now obtained the result that the wedge
modifies the spatial spectrum by imposing a sinu-
soidal modulation, along the shift direction, with a
period of 1/ Axgg. Smoothing very low spatial frequen-
cies requires a large shift, since the first null of the
spectral modulation imposed by the polarization
smoothing is located at +1/2Axgg. On average, for any
shift larger than the speckle half-width FA/D, the
speckle noise power is reduced by a factor of two;
thus, the intensity contrast is reduced by J2 . This is
consistent with simulations of plasma filamentation,
which showed that suppression of the instability is
fully effective only if the shift is larger than FA/D.

The polarization smoothing done in our Nova experi-
ments used a birefringent wedge® (a KDP crystal cut at
an angle of 41.2° to the optic axis) to create two orthogo-
nally polarized beams with a selected angular deviation
(Figure 1). An equal distribution of the incident laser
power into each polarization was accomplished by

Birefringent
wedge

Conversion crystals

Elw
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a(x - s)b(s)ds].

E wave

O wave

orienting the crystal wedge so that the linearly polarized
351-nm beam (from the frequency-conversion crystals) is
incident with its polarization at a 45° angle to the KDP
wedge’s ordinary (o-wave) and extraordinary (e-wave)
axes. The wedge causes the polarizations to be refracted
into two beams, separated by an angle, A8 =1An, where a
is the wedge angle and An is the birefringence between
the ordinary and extraordinary polarizations (0.021 for
the KDP used in this experiment).

After passing through the kinoform phase plate
(KPP), the two orthogonally polarized beams form
identical speckle patterns in the focal plane that are
shifted by the amount, A6-F, where the focal length F is
5.6 m. The minimum shift required to decorrelate a
speckle pattern generated by a square near-field beam
is the half-speckle width, FA/D = 3.2 um; the incident
Nova beam width D was 62 cm.!” The KDP crystals
used for polarization smoothing in our experiments
had a wedge angle of 270 urad. Therefore, they gener-
ated an angular shift of 5.7 urad between the orthogo-
nally polarized beams, which corresponded to about a
30-um far-field displacement, or about 10 speckle half-
widths. This is much larger than the minimum shift of
one to two speckle half-widths that was calculated as
being required for suppressing filamentation.’

In our Nova experiments, we used four sub-
apertures in a 2 x 2 array, similar to the NIF configura-
tion; each subaperture was 27 x 27 cm and was separated
by ~8 cm. The half-speckle width from one such sub-
aperture was 7.3 um; the polarization smoothing shift of
30 um that resulted is about four times larger than the
minimum shift needed to decorrelate the speckle origi-
nating from one subaperture. Thus, even for illumination
from a single subaperture, filamentation would be effec-
tively suppressed by the 30-um wedge shift. The direc-
tion of the spatial shift from the polarization smoothing
was arranged approximately orthogonally to the direc-
tion of the shift from SSD. Done in this manner, the polar-
ization smoothing is expected to instantly improve the
averaged contrast of the target illumination by a factor of
~2 beyond that done only with SSD.

FIGURE 1. Schematic showing
the use of a birefringent wedge
to generate two shifted and
orthogonally polarized speckle
patterns for beam smoothing.
(08-00-1298-2535pb01)
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Polarization smoothing and smoothing by spectral
dispersion can be combined to give a more effective
smoothing, even though a range of low spatial fre-
quencies is left unsmoothed by this combination. In
our experiments, the full extent of the shift obtained
with SSD is ~40 um/A of bandwidth (specified at the
fundamental 1.053-um wavelength). At a bandwidth of
3 A, the resulting 120-um shift is much larger than the
30-um shift used for polarization smoothing. As a
result, if the direction of the latter shift is parallel to the
direction of spectral dispersion, little extra benefit
might be expected from the added polarization
smoothing.

However, because polarization smoothing is instan-
taneous, it is possible that a significant additional ben-
efit from this method exists for some initial period of
time (depending on the response time of the plasma
instabilities), even for the case of parallel dispersion
directions. This reasoning is supported by simulations
of plasma filamentation, which found that SSD and PS
dispersions oriented in the same direction work nearly
as well at suppressing filamentation as do orthogo-
nally oriented dispersions. However, we did not test
this calculation in this set of experiments.’

Plasma Theory

The backscattering of laser light begins when a back-
ground plasma density fluctuation reflects a small frac-
tion of the incident laser light via Thomson scattering.
As the backscattered light interferes constructively with
the incoming light, the resulting ponderomotive force
enhances the density perturbation. If threshold condi-
tions are satisfied, an instability, resulting in stimulated
backscatter, can develop. If the density perturbation is
an ion acoustic wave, stimulated Brillouin scattering
(SBS) occurs; if the perturbation is a Langmuir wave,
stimulated Raman scattering (SRS) occurs.

The laser speckles (hots pots) are also subject to a
self-focusing instability (filamentation) in the plasma.
This occurs when the light’s ponderomotive force and
the increased electron pressure (from local laser power
absorption) act to expel plasma, thereby increasing the
refractive index and further concentrating the light
energy into a smaller volume. Smoothing by spectral
dispersion reduces this tendency towards filamenta-
tion, if the speckle dissolves before the self-focusing
process is complete. Thus, it is most effective on lower-
intensity hot spots. In addition, polarization smooth-
ing controls filamentation by reducing the fraction of
the laser power present in high-intensity speckles. We
expect then, that a combination of the two smoothing
methods should be very effective for filamentation
control.

Because the background density fluctuations tend to
be very small, the mean intensity of the backscattered
light must grow by about 10 orders of magnitude to
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scatter a significant portion (such as 10%) of the laser
light. In contrast to this, a self-focusing amplification
(resulting from filamentation) of as little as 2.7 times is
dramatic. This is because, with a typical hot spot hav-
ing an intensity twice that of the mean intensity, a
great deal of laser energy can be transferred to high
intensity and subsequently backscattered.

It appears that a bandwidth sufficient to reduce fila-
mentation might also reduce the faster-growing stimu-
lated Brillouin scattering, if the laser hot spot dissolves
before the scattered light fully amplifies. The growth
rate for stimulated Brillouin scattering exceeds that for
filamentation, but is almost an order of magnitude
smaller than for stimulated Raman scattering. The lat-
ter will grow to saturation in a few picoseconds for
laser and plasma parameters that are of interest to ICF,
long before smoothing by spectral dispersion can
change the speckle pattern. On the other hand, polar-
ization smoothing is instantaneous and it will reduce
both stimulated Raman scattering (to the extent that
SRS relies on higher-intensity speckles) and the stimu-
lated Brillouin scattering.

The arguments just given for the effect of polari-
zation smoothing considered each instability in
isolation. Actually, the stimulated Raman and
Brillouin scatterings, and filamentation instabilities,
all interact with one another, leading to a complex
beam-smoothing response. We used the F3D code!® to
simulate beam-smoothing effects on interacting stim-
ulated Raman and Brillouin scatterings.!® Filamen-
tation was included in all cases. The plasma
parameters that were chosen in the first simulations
are representative of the NIF inner beams (ne/ n.=
0.1; low-Z; combination of C3Hg and C;H,; T, =
3keV; T;/T,=0.15; 2 x 101 W/cm?). The plasma
length along the laser propagation direction (L, =
10002 is twice the length of the f/8 speckle; the
plasma width in the x and y transverse directions is
1602, The intensity-gain exponents for the stimulated
Raman and Brillouin scatterings are 12 and 9, respec-
tively. These values are about one-half of those calcu-
lated for NIF and for the gasbag experiments reported
in this article, primarily because of the shorter plasma
length used in the simulation. Thus, we are using the
simulations as a qualitative guide to the trends in the
data. With a transverse resolution of 1.25 Mo there are
440 independent phase-plate elements or independent
Fourier components for the incident laser light, which
is a statistically representative sample.

In Figure 2, we show the stimulated Raman and
Brillouin scattering reflectivities for different smooth-
ing conditions, when both stimulated scatterings are
competing for laser energy. In this case, smoothing
by spectral dispersion would appear to be more effec-
tive than polarization smoothing in suppressing the
SBS. However, this happens merely because the SRS
has taken a significant amount of energy from the
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FIGURE 2. The stimulated-Raman-scattering and stimulated-
Brillouin-scattering reflectivities, in a 10% critical plasma, are shown
for different smoothing conditions when both instabilities are present
in the simulation. (08-00-1298-2536pb01)

high-intensity laser hot spots in the SSD case, which
suppresses the SBS. Simulations without SRS show a
SBS reflectivity dependence on smoothing that is simi-
lar to the SRS dependence shown in Figure 2.

An interesting feature of Figure 2 is the prediction
that the combined smoothing techniques will dramati-
cally suppress stimulated Brillouin scattering, as well
as reduce stimulated Raman scattering—despite the
very fast growth rate of the latter. We attribute this
reduction to the effective control of filamentation that
the combined techniques have, as is shown in Figure 3.
Here, the fraction of laser beam power at an intensity
greater than 5 x I (where I is the average intensity) is
shown as a function of beam smoothing, with and
without stimulated backscatter. Without polarization
smoothing, the simulations with backscatter show less
power at high intensity because power is lost from the
speckles as they start to self focus. With polarization
smoothing, there is too little backscatter to affect the
self-focusing. Combining SSD and PS reduces the
power at high intensity more than either method does
individually. This fact can explain the simulation result
that smoothing by spectral dispersion reduces the
stimulated Raman scattering when polarization
smoothing is also used.

Using F3D simulations, we have shown that polar-
ization smoothing is a very promising beam-smoothing
technique for controlling laser plasma instabilities.
This is especially true with respect to stimulated
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FIGURE 3. The stimulated-Brillouin-scattering reflectivity and the
fraction of laser energy having more than five times the average
intensity (1)), for different smoothing conditions. The values have
been averaged over the last 20 ps of the simulation to eliminate tran-
sient effects (T;/ T, = 0.11; the axial length, L, = 351 um = 1000A,; an
electron temperature of 2.7 keV; and an electron density of 0.07 C)
(08-00-1298-2537pb01)

Raman scattering, which the more common smooth-
ing-by-spectral-dispersion technique cannot directly
control, because the scattering grows to saturation
before the hot spots can be relocated. However,
smoothing by spectral dispersion combined with
polarization smoothing is particularly powerful. The
latter method dramatically reduces the fraction of the
beam power at high intensity, thus lowering filamenta-
tion growth rates and Brillouin instabilities to a level
(Ao = y,) where the smoothing by spectral dispersion is
more effective. At these levels, smoothing by spectral
dispersion can also indirectly reduce stimulated Raman
scattering by reducing self-focusing of the hot spots.

We also carried out simulations with plasma condi-
tions that favored growth of stimulated Brillouin scat-
tering over stimulated Raman scattering (Ti / Te =0.11;
an axial length, Lz =351um = 10007»0; an electron tem-
perature of 2.7 keV; and an electron density of 0.071,).
Under these conditions, the stimulated Raman scatter-
ing is always insignificant, and the stimulated-
Brillouin-scattering reflectivity follows similar trends
to those shown in Figure 2 for the stimulated-Raman-
scattering reflectivity.

Gasbag Plasma Experiments

We used the Nova laser to do experiments with tar-
gets developed to reproduce the plasma conditions
and length scales of the NIF. As mentioned earlier, the
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two plasma conditions of importance for the NIF are
the inner-beam plasma (a large-scale-length, low-Z
plasma, with high-gain exponents for both stimulated
Raman and Brillouin scatterings), and the outer-beam
plasma (with shorter scale lengths and a higher-gain
exponent for stimulated Brillouin scattering in the
plasma near the Au wall).!

The low-Z, inner-beam case was studied with gas-
bag targets. These consist of two membranes, one on
either side of a thin Al washer, which are inflated with
a C3Hg and CsH,, gas mixture at a one atmosphere
pressure to produce an almost spherical gas volume.
Nearly symmetric irradiation by nine heater beams
produces a 6% to 15% critical-density plasma, with
1- to 2-mm scale lengths and a peak central T, = 3 keV.
The tenth Nova beam, called the interaction beam, was
used to drive the instabilities in the plasma. It was con-
figured as an f/8.5 beam, with options for smoothing
by spectral dispersion and polarization smoothing.

Figure 4 shows the stimulated Raman and Brillouin
scattering reflectivities that were measured from gas-
bag targets. Most of the data shown is for intensities
of ~2 x 1015 W/em?. All targets with density above
13% critical used a higher interaction intensity of
~5 x 1015 W/cm?. These high-intensity experiments
were intended to explore the conditions expected in a
higher-radiation-temperature, NIF-hohlraum design.
Most of the data points show that, while polarization
smoothing reduces the scattering levels, the reduction
is not as significant as when it is combined with SSD.
This combination gave the most effective beam smooth-
ing ever observed in Nova gasbag experiments. These
results show that NIF will benefit from polarization
smoothing of the inner beams.

Some of the backscatter data taken with gasbag targets
show stimulated Raman and Brillouin scattering values
with large departures from their respective averages. We
have identified possible systematic reasons for these
departures in some, but not all, cases. Backscattering val-
ues that exhibit a sudden departure from the average are
typically characterized by an increase (decrease) in the
SRS and a decrease (increase) in the SBS. We are continu-
ing to analyze the full data set in an effort to identify all
reasons for scatter in the data. These observations, if
borne out by further analysis, indicate that the interde-
pendence of SRS and SBS makes the study of the effect of
beam smoothing on one, or both, more complicated. We
are continuing our efforts to develop a predictive model
for laser beam filamentation and SBS and SRS backscatter
(F3D) that will enable us to calculate the interaction of a
complete NIF beam with a macroscopic target.

Conclusions

Our F3D numerical simulations have given us a very
optimistic view about the usefulness of polarization
smoothing as a highly effective smoothing technique
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FIGURE 4. Experimental measurements of the (a) stimulated-
Brillouin and (b) stimulated-Raman scattered light in gasbag plasmas.
The probe intensity is 2 x 1015 W/cm?, except at the high density
where it is 5 x 101> W/cm?. The SSD bandwidth is given at 1.053 nm.
The scattering includes backscattered light measured in a 15° cone
around the backward direction.  (08-00-1298-2538pb01)

for suppressing laser-plasma instabilities. Although
the data indicates that polarization smoothing, by
itself, is only partly effective at reducing backscattering
losses, our measurements confirm the trends in the
simulations. In particular, they show that combining
polarization smoothing with smoothing by spectral
dispersion provides the most effective way to suppress
the instabilities.

The peak scattering observed over the entire experi-
mental range under the maximum (combined) smooth-
ing conditions is below 6% most of the time.
Occasionally, either the stimulated Raman or the stim-
ulated Brillouin scattering exhibits a jump, with a cor-
responding drop in the other, which (in some cases)
can be associated with a density or temperature
change in the gasbag plasma. Other cases exist, how-
ever, in which the sudden jumps in scattering cannot
yet be associated with a possible cause. We are contin-
uing to investigate the details of these cases and are
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developing a more rigorous connection between the
jump in scattering levels and a change in plasma or
laser parameters.

The stimulated Brillouin and Raman scatterings in
NIF-scale hohlraums should be at tolerable levels with
moderate amounts of beam smoothing, even at the
higher intensities and densities expected in the 350-eV
ignition designs. Our polarization smoothing experi-
ments suggest that this technique, when combined with
smoothing by spectral dispersion, can improve the mar-
gin against plasma instabilities, thereby increasing the
operating region available to the NIF for ICF experi-
ments. The experimental results strongly suggest con-
sidering a retrofit of the NIF to include polarization
smoothing and its further investigation as part of the
experiments scheduled for the NIF’s first bundle.
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